Routine laboratory lipid assays include simple measurements of total cholesterol, triacylglycerols and HDL. However, lipids are a large group of compounds involved in many metabolic pathways, and their alterations may have serious health consequences. In this study, we used 1 H NMR to analyze lipids extracted from sera of 16 obese patients prior to and after bariatric surgeries. We observed a postsurgery decrease in serum concentrations of lipids from various groups. The hereby presented findings imply that 1 H NMR is suitable for rapid, simple and non-invasive detection of lipids from 30 structural groups, among them triacylglycerols, phosphatidylcholine, phosphatidylethanolamine, sphingomyelin, total phospholipids, total, free and esterified cholesterol, total and unsaturated fatty acids. NMR-based analysis of serum lipids may contribute to a substantial increase in the number of routinely determined markers from this group; therefore, it may find application in clinical assessment of obese subjects prior to and after bariatric surgeries, as well as in the examination of patients with other metabolic diseases.
diseases is still not fully understood 17 . Changes in polar lipid profile are observed during the course of many metabolic diseases, including obesity, and may be reflected by altered properties of plasma membranes 17 . Previous studies documented some changes in serum lipidome of obese patients, such as alterations of fatty acid composition 18 and fatty acid content in phospholipids 17 . Furthermore, changes in SM and ceramide levels contribute to obesity-induced endothelial dysfunction and cardiovascular disease 19, 20 . SM and ceramides are also involved in control of cell proliferation and/or cancer prevention 21 . Consequently, knowledge of specific lipid groups present in the serum is not only vital for the identification of related lipid disorders, but may also help to understand their impact on various metabolic processes.
Obesity is a major public health problem. In 2014, more than 600 million subjects worldwide were classified as obese, and more than 1.9 billion adults were overweight 22 . Epidemiological data suggest that in 2030, obesity may be present in 50% of general population 23 . This justifies research on novel treatment options, and puts emphasis on prevention of side effects of currently available therapies. Complex morbid obesity can be managed by dietary treatment, pharmacotherapy and bariatric surgery. Other than the two former strategies, bariatric surgery is highly effective, resulting in a significant reduction of food intake and/or decrease in digestion and absorption 24 . Furthermore, bariatric treatment was shown to significantly reduce cardiovascular risk and even more importantly, may contribute to remission of type 2 diabetes mellitus 25 . However, as any other therapy, also bariatric surgery may produce some adverse effects, such as peripheral neuropathy, metabolic bone disease, micronutrient deficiency and protein-calorie malnutrition 26, 27 . Therefore, the aim of this study was to analyze the impact of bariatric surgery on the levels of lipids from selected groups being vital for health of obese patients. To achieve this goal, we used a new approach, NMR spectroscopy, as this method offers many advantages which are not available in the case of conventional laboratory techniques.
To this date, polar lipid contents in obese patients were determined with several techniques. Complex lipids, such as PC, PS, PE, PI and SM, were separated with EDTA vacutainers 28 , HPLC 29 , TLC 30, 31 and SPE 32 , whereas blood composition of FA in PHL was determined by means of GC 28, [30] [31] [32] , LC-MS/MS 33 and UPLC-MS 34 . All these techniques are suitable for detection, identification and quantification of lipids from several groups, but the analysis is time-consuming and includes multiple stages 35 . Moreover, we still lack an accurate method for rapid determination of whole spectrum of blood lipids. 1 H NMR may be helpful in early detection of disorders in various groups of serum lipids being associated with a plethora of diseases, among them obesity. The main objective of this study was to develop a simple and rapid method capable to determine as many groups of serum lipids as possible. The study included patients with morbid obesity, examined prior to and after bariatric surgery; however, our hereby presented diagnostic method is likely also applicable to other metabolic diseases. We showed that extraction with chloroform and methanol mixture, followed by NMR analysis lasting no longer than a few minutes, is a time-sparing method that can detect up to 10 various groups of lipids, including TG, PC, PE, SM, total PL, total fatty acids and unsaturated fatty acids (UFA), as well as total, free and esterified cholesterol. Moreover, we were able to detect some specific lipid compounds, such as 7-lathosterol, oleic acid and linoleic acid. 
Results

H NMR analysis of sera from obese patients
Verification of 1 H NMR analysis accuracy against routine laboratory lipid assays. Two groups
of lipids, total cholesterol and triacylglycerols, were determined both by means of NMR and using routine laboratory methods. To verify the accuracy of NMR analysis, we analyzed correlations between the results obtained with both methods. As shown on Fig. 3 , two NMR signals for total cholesterol correlated strongly with each other, and showed a strong positive correlation with serum concentration of cholesterol determined using routine laboratory method. Similarly, three NMR signals specific for triacylglycerols correlated strongly with one another, as well as with serum concentration of triacylglycerols determined routinely at our laboratory ( Fig. 4 ). Table 1 , bariatric surgery contributed to a significant decrease in the levels of all analyzed lipids, by 57% for triacylglycerols, by 40-45% for SM, PC, PE and by 42% for total PL. The levels of total, free and esterified cholesterol decreased by 43-48%, and the levels of total fatty acids and specific fatty acids, including UFA, 18:1, 18:2, 20:4 and 22:6, by about 50%. The most evident decrease (by about 80%) was observed in the case of C 18 H 3 group in total 7-lathosterol (Table 1) .
Changes in serum lipids after bariatric surgery. As shown in
Discussion
H NMR as a simple method for rapid detection of changes in many groups of serum lipids in morbidly obese patients after bariatric surgery.
Although NMR has been previously applied to the analysis of lipid contents in adipose tissue 36, 37 and blood serum 38 , this technique is relatively infrequently used in lipidology, mainly as a method to determine lipoprotein levels 16, 39, 40 . Only few previous studies used NMR for metabolomic analysis of sera from obese subjects prior to and after bariatric surgery [41] [42] [43] [44] . In these studies, no lipid extraction was made and NMR analysis was conducted with intact blood sera, which resulted in identification of only few or none lipid species. In our present study, we first extracted serum lipids with Folch' method 45 , and then analyzed the lipid extracts by means of NMR. This enabled us to detect 30 various structural groups of serum lipids. High accuracy of our method was confirmed by strong positive correlations between NMR signal intensity for 2 groups representing total cholesterol/3 groups representing triacylglycerols and serum concentrations of these metabolites determined using routine enzymatic methods. Postoperative changes in cholesterol and triacylglycerol contents were more evident when estimated on the basis of NMR spectra (see: Tables 1 and 2 ). This implies that our NMR analysis is more suitable to estimate the direction and magnitude of postoperative changes in various lipid species, than to determine their absolute concentrations. According to some authors, due to its low sensitivity and problems with obtaining satisfactory quality of a multi-parallel analysis of complex lipid extracts with hundreds of metabolites, NMR should not be used without a supporting MS, especially in the case of low-abundance analytes 46 . However, our present study showed that despite these potential limitations, NMR is suitable for rapid lipidomic analysis of whole groups of polar lipids: PC, PE, SM and total PL. Moreover, this technique may provide an information about a global direction of changes in lipidome of patients after bariatric surgeries. Obtaining such information by means of MS would be much more costly and time-consuming. All this makes NMR lipid analysis more promising from a clinical perspective. Another NMR approach was employed by Table 1 .
researchers from Computational Medicine Research Team from Finland, who has developed a high-throughput serum NMR metabolomics platform, which by combining NMR analysis of three molecular windows: LMWM (low-molecular-weight metabolites), LIPO (lipoproteins) and LIPID (extracted lipids) is able to measure total of 233 variables, including serum lipids 47, 48 . This platform has been employed for metabolomics analyses in many clinical studies conducted in patients with early atherosclerosis, coronary heart disease, metabolic syndrome, type 1 and 2 diabetes mellitus and diabetic nephropathy 47 . It would be certainly worth doing such metabolomics analyses in morbidly obese patients before and after bariatric surgery. In turn, our method is quite simple, but also allows for rapid identification of the most important groups of serum lipids. Moreover it allows to measure some additional serum lipids -PE as well as lathosterol, which can serve as a marker of cholesterol production rate in human organism 49 . In Fig. 5 we present the overview of the methodology used in this study.
Bariatric surgery contributes to a decrease in serum lipid content.
Our study demonstrated that in morbidly obese patients, bariatric surgery contributed to a significant decrease in all analyzed groups of serum lipids. However, the degree of the reduction was group-specific. The most evident decrease (by 82.5%) was observed in the case of 7-lathosterol, a precursor of cholesterol. 7-lathosterol is a marker of cholesterol production rate 49 , and therefore, our findings suggest that bariatric surgery results in a substantial decrease in cholesterol synthesis. This observation is consistent with the results published recently by Vuono et al. 50 , who using GC-MS, also demonstrated a significant decrease in serum lathosterol level in patients after sleeve gastrectomy. The same study revealed that lower level of serum lathosterol was associated with a decrease in cholesterol synthesis. After bariatric surgery, the levels of total, esterified and free cholesterol in our patients were approximately 45% lower than prior to the procedure. However, even more pronounced (57%) postoperative reduction was observed in the case of triacylglycerol content. Noticeably, also the analysis with routine enzymatic methods demonstrated that the postoperative decrease in TG was greater than the reduction of total cholesterol level ( Table 2 ). The key deliverable of our study is the development of a method for rapid detection of quantitative changes in many groups of polar lipids, including PC, PE, SM and total PL, as well as UFA in sera from morbidly obese patients after bariatric surgeries. UFA are the major component of PL 51 . The intensities of UFA and PL signals after bariatric surgery were shown to correlate strongly (R = 0.95; p < 0.01), which implies that the postoperative decrease in PL might result from a lesser availability of UFA. Morbid obesity is associated with enhanced oxidative stress 52 , and UFA are particularly prone to peroxidation 51 . Products of lipid peroxidation play a role in the pathogenesis of insulin resistance, diabetes mellitus 53 , chronic inflammation, atherosclerosis, cardiovascular diseases 51 and some disorders incorporated into metabolic syndrome 54 ; all these conditions may be also associated with morbid obesity. Therefore, the postoperative decrease in UFA and PL may contribute to attenuation of oxidative stress, a phenomenon observed after bariatric surgeries 55 . Aside from the role in oxidative stress propagation, PL composition and content may also influence the risk of diabetes mellitus 29 . Therefore, a method for routine determination of their serum levels in obese subjects would have unquestioned clinical value. Although polar lipids seem to be vital for health of obese subjects 17 , only few previous studies addressed bariatric surgery-related changes in serum phospholipids. Kayser et al. 56 used HPLC-MS/MS to document a decrease in various species of PC, PE and PG at 3 months after gastric bypass procedure. Also in that study, a decrease in the level of SFA-containing species of SM co-existed with an increase in the content of PUFA-containing SM 56 . A decrease in PC, PE and SM was also reported by Graessler et al. 57 three months after RYGB procedure. Both studies mentioned above were based on MS techniques and therefore, provided an information about the contents of specific species from each group of polar lipids, which was not possible in the case of our method. However, in contrast to the MS-based technique, our method is suitable for rapid, non-destructive analysis of a sample; thus, it provides an information about the changes in overall PC, PE and SM contents in the sample, which can be then re-used for more accurate MS analyses, if necessary. Contrary to our hereby presented findings, Lopes et al. 42, 43 reported an increase in PC at 12 months after RYGB. Perhaps, PC content increases with time elapsed since the bariatric procedure, due to a raise in HDL concentration. Our study demonstrated a ca. 50% postoperative decrease in the levels of total and unsaturated fatty acids, as well as a decrease in the contents of two specific fatty acids, oleic and linoleic. This is not surprising, owing that fatty acids are the main component of other, more complex lipids. Interestingly, Forbes et al. 32 reported an increase in serum concentration of FFA at one month after bariatric surgery, which might correspond to enhanced postoperative catabolism of lipids; however, FFA have eventually returned to their baseline level at 6 months post-procedure. FFA constitute only a small proportion of all FA building other serum lipids, including PL and TG. Oleic acid is synthetized primarily in the liver, by stearoyl-CoA desaturase (SCD1) 58 . Therefore, a postoperative decrease in the concentration of this FA might reflect lower rate of liver lipogenesis and FA desaturation after bariatric surgery. On the other hand, linoleic acid is an essential fatty acid and thus, its decreased content after bariatric surgery was likely associated with a reduced food intake.
In conclusion, this study showed that extraction of serum lipids, followed by NMR analysis, lasting no longer than a few minutes, are suitable for rapid detection of various serum lipids, including total TG, PC, PE, SM, total PL, total, free and esterified cholesterol, total and unsaturated fatty acids, as well as 7-lathosterol, oleic acid, and linoleic acid, in obese patients prior to and after bariatric surgeries. A postoperative decrease in serum levels of various lipids likely reflected their reduced dietary intake, as well as lower rate of cholesterol production, and less intense liver synthesis and desaturation of fatty acids in obese patients subjected to bariatric surgeries. However, a concomitant decrease of some other lipid species being important for patient health, such as PUFA and PL, points to a necessity of their dietary supplementation in patients after bariatric surgery, in order to prevent deficiencies. NMR-based analysis of serum lipids may contribute to a substantial increase in the number of routinely determined markers from this group; therefore, it may find application in clinical assessment of obese subjects prior to and after bariatric surgeries.
Material and Methods
Patients. Sixteen Sample preparation. Total lipids were extracted from whole serum samples with a chloroform-methanol mixture (2:1, v/v), as described previously 59 . The extraction process lasted 30 minutes. Prior to lipidomic analysis, serum analytes were dissolved in 600 µl of deuterated chloroform and deuterated methanol mixture (2:1; v/v) with 3 mM TMS. After centrifugation, the samples were transferred to 5-mm NMR tubes, and stored at 4 °C until the analysis.
NMR measurement and data processing. All NMR spectra were recorded with Bruker Avance III 500 MHz spectrometer at 298 K and referenced to TMS signal (0.00 ppm). The 1 H NMR spectra of lipid extracts from patient sera were recorded using zg30 pulse sequence. Each spectrum was comprised of 64 consecutive scans, with acquisition time of 4 s, FID size of 65 k and spectral width of 15 ppm. 2D NMR homonuclear 1 H, 1 H COSY (correlation spectroscopy) and TOCSY (total correlation spectroscopy), as well as 2D NMR heteronuclear 1 H, 13 C HSQC (heteronuclear single quantum coherence), HSQC-TOCSY (heteronuclear single quantum coherence -total correlation spectroscopy) and HMBC (heteronuclear multiple bond correlation) experiments were recorded to confirm the chemical shifts assignment.
The obtained 1 H NMR spectra were processed with 0.3 Hz line broadening, manually phased and corrected for baseline distortion with MestReNova software (Mestrelab Research v. 11.0). The essential signals in 1 H NMR spectra were integrated manually. All obtained integrals were scaled according to the area of the TMS reference signal.
Statistical analysis.
Statistical significance of differences in pre-and postoperative values of the study variables was verified with paired t-test. The differences were considered significant at p < 0.05. Relationships between pairs of variables were determined on linear regression analysis. All statistical calculations were carried out with Sigma Stat software.
Figure 5.
A conceptual image presenting the overview of the methodology used in this study. The most important advantage of this approach is significantly increased number of analyzed serum lipid species comparing to standard serum lipid assay in clinical laboratory. The measurement of these lipid species (e.g. phospholipids) is not possible by standard enzymatic assays. Moreover their measurement by our NMR method can be performed in just a few minutes.
